Abstract-A comparative study of the tunability of planar photonic crystal nanocavities is done in this work. Three different types of cavities, e.g., defect cavity, double heterostructure cavity and bandedge cavity are studied using finite domain time domain method. Electrically tunable materials like Graphene and ferroelectric BaTiO3 is used as the active materials. We found that high quality factor cavities have lower tunability and greater loss in the material leads to greater tunability.
I. INTRODUCTION
Planar photonic crystal (PhC) based optical nanocavities offer extremely high spectral purity, which makes them useful for sensing applications, lasers etc [1] - [5] . Aside from the high Q/V value, PhC nanocavities bring a few other advantages. The resonant properties of a PhC nanocavity can be tuned by changing the refractive index of the base material. Faraon et al. has reported a method to locally tune the resonant frequency of a 2-D PhC resonator by depositing a layer of chalcogenide glass on a GaAs PhC [6] . Dorjgotov et al. has proposed a highly tunable one dimensional PhC which consists of alternating layers of liquid crystal and dielectric material [7] . Dayal et al. has proposed a PhC with tunable bandgap by using ferroelectric materials [8] . Ferroelectrics are suitable material for realizing electro-optic tunability due to their high electro-optic coefficient. Barium titanate is a particularly attractive optical ferroelectric due to its relatively low absorption in optical range and nonlinear optical properties. Lin et al. have fabricated and characterized a PhC waveguide on BaTiO3 thin films [9] and simulated a voltage tunable PhC wide band filter which can be tuned in a 7 THz range using the electro-optic property of BaTiO3 [10] . We have designed several tunable PhC nanocavity using BaTiO3 as the base material [11] - [13] . 
II. METHOD
To find the resonant frequency of the planar PhC nanocavities, they are excited with a large range of frequencies. The excitation is allowed to propagate freely. Most of the frequencies do not excite the cavity and their energy leaves the cavity quickly. The resonant frequencies excite the cavity and their energy decay very slowly. Hence, the resonant frequencies come as sharp peak in the frequency spectrum. A 2-D FDTD method is used to carry out the calculations. The initial field is a broadband impulse applied at the core. The Yee's mesh is used for discretization of the simulation domain in both space and time, thus reducing the Maxwell's curl equation into simple difference equations. The space grid is setup uniformly so that there are exactly 24 grid points per period, which provides sufficiently converged results. A time step Δt = 5.20833 × 10 -17 s is used, which is many times smaller than the Courrant limit, but produces sufficient frequency resolution at the expense of simulation time. The material properties of BaTiO 3 is taken from [19] and that of Graphene is calculated using the formalism in [12] . We have studies a defect cavity [11] , a double heterostructure cavity [12] and a defectless bandedge cavity in this work [13] . They are shown in Fig. 1 .
III. RESULT

A. Defect Cavity
We have mentioned previously that the base material in our calculation is BaTiO3 which is electooptically active. Its refractive index can be changed by an applied electric field. To investigate the effect of applied electric field on the properties of the designed cavity, we performed simulations with step increase in the refractive index, ∆n = 0.02. The effect of the change in electric field and hence the change in refractive index on the frequency spectrum of the proposed cavity is shown in Fig. 2 . It is evident that the resonant frequency of the cavity changes by 89 nm with ∆n = 0.02. This shift is significant compared to the range of 24 nm in a photonic crystal resonator proposed in [20] . The sensitivity of the cavity to change in refractive index is measured by the wavelength sensitivity, Sλ = ∆λr/∆n . The impact of space modulation on the wavelength sensitivity of the L3 cavity and the proposed cavity are plotted in Fig. 3 . It can be seen that the sensitivity of both the cavities depend on modulation depth. The dependence is linear in case of the L3 cavity, but sublinear in case of the proposed cavity. When Graphene is used as the base materials for the defect cavity, the quality factor of the cavity decreases. However, the optical properties of Graphene are readily tunable by gating. Hence, the defect cavity becomes much more tunable when Graphene is used as the base material. In the Fig. 4 , the impulse response of the cavity is shown with different gating voltage. It can be seen that the impulse responses shift continuously under the influence of progressively higher gating voltage. As shown in the inset, the resonant wavelength shifts from 19.32 µm to 26.95 µm as the gating voltage changes from 0.5 V to 2V. Evidently, the range of tuning is much higher at 7.63 µm when Graphene is used, as opposed to the tuning range of 89 nm when BaTiO3 is used.
B. Defectless Bandedge Cavity
The studied structure has two resonant TE modes, which are separated by more than 100 nm. The difference between the resonant frequencies indicate that they are not degenerate modes separated by mesh coarseness. The resonant modes are increasingly further from the dielectric band-edge of the mirror PhC.
We calculated the frequency response of the cavity with and without applied electric field, as shown in Fig. 5 . It can be seen that the resonant peaks are slightly moved to higher wavelengths when an electric field in applied. It can be seen that the resonant modes are moved to higher wavelength by 10 nm and 11 nm respectively. Although this change demonstrates dynamic tunability of the device, it is much weaker than changes in resonant wavelengths mentioned in case of the defect cavity.
When Graphene is used instead of BaTiO3, the flexible tunability of Graphene enhances the tunability of the BE cavity, but only slightly. From Fig. 6 , it can be seen that both resonant peaks continuously shift under increasing gating voltage. Here, we demonstrated a tuning range of 15 nm for the first mode, which is higher than that obtained when the base material is BaT iO3 . However, this range is still lower than the range obtained in case of a defect based cavity. This illustrates that the low tuning range of BE cavity is independent of material selection. Rather it is due to the high spectral purity of the resonances in BE cavity. The strong resonances occur for the slow modes at the edge of the dielectric band, which always remain within a small band of wavelengths, despite small changes to the optical properties.
C. Double-Heterostructure cavity
To approximate the change in refractive index under applied bias, we assume a step increase in the refractive index as done in [18] . In Fig. 7 , the effect of applied electric field on the frequency response of TE and TM modes of the cavity is shown. For both cases, the resonant frequency shifts as electric field in applied. This shift is 45 nm for the TM mode and 2 nm for the TE mode. The effect is significant for the TM mode compared to that of 24 nm shown in [15] . Thus, the cavity shows better tunability of its TM modes compared to its TE modes.
In Fig. 8 , the frequency response of the DH cavity for the TE and TM modes, respectively, are shown when the base material is Graphene. It can be seen that, for the TE mode, there exists a distinct peak which shifts continuously with the applied gating voltage. The peak for the TE mode shifts from 1.509 µm to 2.145 µm, a range of 636 nm, which is many times higher than the range when BaT iO3 was used as a base material. The Frequency response of the TM mode also shifts by 135 nm as the gating voltage is shifted from 0.5 V to 2.0 V. However, for the TM mode, the peaks are weak and not very clear. Since the TM modes aren't well confined, the interaction with the TM mode and the Graphene base material is weak, leading to weak tunability. However, the TE modes are distinct and strongly confined, leading to stronger interaction between the modes and Graphene base material. Hence the tunability of TE modes are higher.
The results are summarized in Table 1 . 
IV. CONCLUSION
We have compared the tunability of three different planar photonic crystal nanocavities with BaTiO3 and Graphene as the active material. We have found that the defect cavity shows greatest tunability whereas double heterostructure cavities shows smallest tunability. This is because the confinement of DH cavity is due to mode gap where as that of defect cavity is due to bandgap. The modes of BE cavity shows significant tunability compared to the DH cavity. Furthermore, it was seen that using lossy material like Graphene led to a greater tuning range compared to low loss BaTiO3. The tunability analysis is useful for choosing appropriate structures for different application. Forexample a fixed wavelength light source is best implemented using a DH cavity whereas a multicolor laser is best implemented using a defect cavity.
